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Abstract— Remotely controllable and reversible adhesion is
highly desirable for surgical operations: it can provide the
possibility of non-invasive surgery, flexibility in fixing a patch
and surgical manipulation via sticking. In our previous work,
we developed a remotely controllable, ingestible, and deployable
pill for use as a patch in the human stomach. In this study,
we focus on magnetically facilitated reversible adhesion and
develop a suction-based adhesive mechanism as a solution for
non-invasive and autonomous adhesion of patches. We present
the design, model, and fabrication of a magnet-embedded
elastomeric suction cup. The suction cup can be localised,
navigated, and activated or deactivated in an autonomous way;
all realised magnetically with a pre-programmed fashion. The
use of the adhesion mechanism is demonstrated for anchoring
and carrying, for patching an internal organ surface and for
an object removal, respectively.

I. INTRODUCTION

Researchers strive for programmable medicine that enables
an autonomous in vivo operation on targets such as ulcers
or tumors. Microrobots and other programmable matter have
been developed in the hope of providing the possible solu-
tions. Researchers have proposed various types of functional
microrobots and devices for in vivo use, such as micro-
grippers or drug-delivering incision needles [1], [2], [3].
Providing smarter tools and devices that are practical, safe,
and improve the surgical conduit is still a challenge. Another
remaining challenge is the interface of such devices with
tissue. One common interface is through adhesion, to apply
a patch or attach a device.

Among the existing adhesion mechanisms, chemical adhe-
sion glue is a widely used solution in medical surgeries [4],
[5], [6], [7], [8]. However, their limitation is the existing trade
off between the adhesion effectiveness and the biocompati-
bility of the adhesive. Outside the clinical setting, alternative
approaches exist to name but a few, such as utilising the
van der Waals force [9], [10], [11], surface tension [12], [13],
[1], electrostatic force [14], or ice freezing [15]. However,
these existing approaches require a physical access to the
injury site and some are designed for single use and lack the
autonomous operation.

The suction-based mechanism, typically achieved using
a passive suction cup, is broadly used in daily life and
shows a significant potential for fabrication as composite
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Fig. 1.  The application scenario of remotely controllable elastomeric
suction cup as a manipulator and a patch inside the stomach. The elastomeric
suction cup is navigated and activated by an external magnetic field.

materials at a suitable scale [16], [17], [18], [19], [20], [21],
although these existing suction cups use passive activation.
It also shows promise as a tethered device in manipulation
of endoluminal tissues [22], [23]. The adhesion achieved
by a pressure difference between the inside and outside
of a suction cup is advantageous: it maintains its adhesion
force without continuing to apply external force and enables
repeated use. This means that it can be used as an engaging
interface to manipulate objects via point-contact-based inter-
action, as a surgical remover to remove small lesions such
as endoscopic mucosal resection (EMR), as an anchoring
for a patch aiming at drug delivery, or sensor monitoring by
fixation on an internal organ surface when multiple cups are
placed on a surface.

Following our previous achievements in [24], [25] where
a remotely controllable pill that can deploy, dress or plug,
deliver a drug, and eventually biodegrade was presented,
this study further advances the system by developing an au-
tonomous suction-based adhesion mechanism for anchoring
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Fig. 2. The developed elastomeric suction cup and the actuation. (a)
Schematics and (b) a fabricated suction cup. (c)-(h) Control of the suction
cup. The white arrows in the magnets show the magnetic direction. The
black bold arrows show the direction of magnetic force produced by the
coils: (c) initial posture; (d) locomotion by wiggling using magnetic torque;
(e) flipped state; (f) compression by magnetic force. The small arrows show
the magnetic field gradient. (g) adhesion by restoring force of the material;
(h) detachment by magnetic torque.

onto tissue and manipulating an object (Fig. 1). We also
show the reversibility of the adhesion, which is a necessary
feature for manipulation and for removal of a patch from
the site. The control of the suction cup is managed with an
electromagnetic coils, where the desired magnetic force and
torque are realised with a superposed magnetic field. The
contributions of this paper are:

1) Conception and composite fabrication of magnetically
induced autonomous and reversible adhesion by an
elastomer made suction cup.

2) Advanced shape design of suction cup to activate with
lower external force, which is desirable for in-the-body
use.

3) Demonstration of use as an anchor and a manipulator
for a patch.
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Fig. 3. Qualitative image of the relationship between preload and adhesion
force of suction cups. When applying small preload, cups without buckling
would adhere better than those with buckling while cups with buckling
would adhere better when applying larger preload.

II. MATERIALS AND METHODS

A. Elastomeric Suction Cup Design

We newly designed an elastomeric suction cup which can
be navigated and activated by an electromagnetic coil system
(Fig. 1). The designed patch has one or more arrayed suction
cups on its surface, which would realise autonomous and
reversible adhesion onto curved surfaces such as stomach
under dry and underwater condition.

In the case of remote activation using electromagnetic
force, it is desired that the structure is activated with small
external force to diminish the effect of the field on the
human body. On the other hand, high adhesion force would
be required after attaching to a target. Although existing
suction cups, cups with positive curvature and thinner edge,
have also achieved high adhesion force, those cups requires
high preload to deform. Thus, we designed the suction cup
with two unique features: negative curvature with varied cup
thickness and a barb-like structure, called a Flipped edge,
added to the ground contact edge of the cup (Fig. 2 (a) right).
In order to reduce the external force necessary for activation,
we designed the cup with a negative curvature with varied
cup’s thickness from the top to the bottom, which increases
radial rigidity. The adhesion force using the suction cup is
obtained by the pressure difference between the internal and
external cup, which is occurred by the volume change of the
internal cup when activated. Therefore, the bending rigidity
in the vertical deformation is important parameter, which
is affected by the buckling. The relationships between the
preload Fj,;. and the adhesion force Flg, both with and
without the buckling are shown in Fig. 3. Regardless of the
buckling, F, 4y, is saturated when F},, is above a preload (the
maximum adhesion force F,qn max and minimum preload
Fire.min, respectively). It is because F,qp is occurred by the
volume change.

However, when buckling occurs in the process up to
Fadh.max, the volume change due to applying [, is non-
linear, and therefore F,qy increases non-linearly. In this
case, the deformed cup volume gradually decreases until
the F;. reaches the buckling load. Thus, the F,qn also
increases gradually. When Fj,. becomes more than the
buckling load, the cup volume decreases drastically, and



Fig. 4. Model of a suction cup. Side view of segmented suction cup in
initial state (a) and compressed state (b). (c) Crossed view.

thus F,qn also increases drastically. On the other hand,
when buckling does not occur, the volume change due to
applying I, is linear, and therefore F,q;, increases linearly
towards Faqh.max- Lhus, when activating with small preload
Flre, a cup without buckling would be desired for obtaining
higher adhesion force. A cup with positive curvature could
occur buckling, while a cup with negative curvature will
be deformed linearly without buckling. Thus, we designed
the cup with negative curvature that suppresses occurring
buckling. Moreover, since the area contacting to the ground
surface (contact zone) would relate to the adhesion force
positively [26], we varied the thickness of the suction cup
from the top to the bottom of the structure based on the
following modelling so that the contact zone would be
increased by propagating the external force uniformly. A
suction cup is modelled as a stack of discs (n € 1,..,N,
numbered from the top to the bottom) as a bulk with linear
region as shown in Fig. 4. Fig. 4(a) and (b) shows the initial
state and activated state of the cup, respectively. The applied
Finag €quates to the other reaction forces F;,. A suction cup is
compressed vertically by the magnetic force, then deformed
both vertically and horizontally. The relationship between
the reaction force of the n-th structure element, F,,, and the
cross-sectional area of the disc S,, is

where k,, is the bending rigidity of the ny, disc, Ah,, is the
height difference between the compressed and adhered cups,
and f,, is force distribution of F),. In order to propagate the
external force uniformly, we assumed the the cross-sectional
area, .S,,, remains constant throughout the structure (S,, =
Sp+1 = S1). The thickness of the ny, disc, t(n), can be
written as

- 2nr(n)’

t(n)

where r(n) is the radius to the neutral axis of the disc.
Moreover, r(n) is written as

)

3)

where 6 ° is the radius the angle between the ground surface

and the cup surface. Therefore, the ideal thickness variation

is to decrease inversely with the number of the elements n,

as shown in Fig. 4 (e). With (3), (2) can be replaced by
1 .Sitan6

tn) = = —. 0

Based on (4), the thickness variation of the suction cup was
designed. In our model, we obtain the thickness variation
of the suction cup as t(n) = 0.57(n)~! where S; is 7
mm?. The flipped shape was designed and added to the
ground contact edge in order to augment rigidity without
suppressing the radial bending. As described in Section II-
C-2, the cup with varied thickness was designed due to its
activation. However, the thin bottom edge also causes the the
vertical wavelike deformation, which enhances air leakage
while adhering. Therefore, the cup should be designed with
high circumferential rigidity related to vertical deformation
at the bottom and low radial rigidity throughout the structure.
Generally, according to beam theory, the bending moment M
affecting to its section is defined as

M = E7 )
p

where E is Young’s modulus which depends on a material,
I is the second moment of area, and p is the radius of
curvature. 1 is known as the bending stiffness. Thus, by
increasing I, the bending will be suppressed. As shown
in Fig. 4(c) by assuming that the cross-sectional piece is
a rectangular shape, the relationship between the second
moment of area I of and the its height h,, would be

_ )k,

I=—=75" (6)

where ¢(n) is width of the disc. Thus, increase in height
h(N)(vertical thickness of the cup at the bottom) would sup-
press the circumferential bending at the bottom. Furthermore,
the flipped edge has a curved structure in order to maintain
large adhesion area by bending inward, while the size of the
structure has not been designed precisely.

B. Fabrication of the Arrayed Suction Cups

Fig. 5 shows the fabrication process of arrayed suction
cups. The arrayed model consists of the multiple suction
cups, a flexible elastomeric sheet and neodymium magnets.
Haruna: please check the following sentences By multiply-
ing suction cups, the adhesive performance of the device can
be improved such. Even if some of the cups are detached,
the rest of ones will keep adhered. Moreover, multiplying
miniaturised suction cups will enable the sheet to adhere to
curved surface. Four suction cups and a sheet are fabricated
by molding using an elastomer, Ecoflex 00-30 A and B
(Smooth On Inc.), mixed in a ratio of 1 : 1 by weight.
Ecoflex 00-30 was chosen for prototyping owing to its wide
availability and low cost. The uncured elastomer is mixed
with a red food colouring in a beaker and degassed in a
desiccator for 5 minutes to remove air bubbles. Then, the
degassed elastomer is poured into a 3D printed (Connex3



Fig. 5. The fabrication process for arrayed suction cups. (a) Ecoflex 00-30
is poured into a 3D printed template. Then, a lid is placed and left to cure.
(b) Neodymium magnets are placed on an elastomeric sheet. (c) The sheet
is attached to cured suction cups with glue. (d) Once dry, the suction cups
are peeled away from the mould template.

Object 500, Stratasys) template with the shape of the inner
surface of suction cups. A lid, whose surface has the shape
of the outer surfaces of the suction cups, featuring Flipped
edges, is pressed onto the mould template (Fig. 5(a)). The
template is placed in an oven for 5 min to cure the elastomer
at 50°C. Then, cylindrical Neodymium magnets are attached
to an elastomeric sheet fabricated using a 3D printed mould
template (Fig. 5 (b)). The thickness of the centre of the sheet
is the same as the magnet height (8§ mm). The sheet must
be light enough to enable to be pushed upward. In addition,
the sheet must be wide enough: the distance from the edge
of the sheet should be long enough to avoid undesired
flipping instead of wiggling (Fig. 2(d)). Therefore, to make
the device wider and lighter, the thickness of the edge of
the sheet is designed to be thinner (3 mm) compared to the
thickness near the middle. After curing the suction cups,
the lid is removed and the sheet is attached to the suction
cups with cyanoacrylates glue (Super Glue 5G, Loctite,
Fig. 5(c)). The glue was chosen owing to its availability
but a silicone based glue is ideal for biocompatibility. To
align the cups simultaneously, the sheet is attached before
peeling the cups away from the template. Then, after curing
the glue, the suction cups assembly is peeled off from the
template (Fig. 5(d)). Although this prototype is still large
to ingest, we envisage rolling the sheet in order to make
the assembly smaller [27]. In fact, researchers fabricate
different-shaped elastomeric suction cups with 3D printed
template [20], [21]. The producible size of suction cup
mainly depends on the resolution of 3D printer. . We estimate
that the size can further be scaled down 30% by using a STL
3D printer.

C. Remote Actuation of Elastomeric Suction Cup

Fig. 2 (c)-(h) show the navigation and activation processes
of suction cup. The suction cup has a dmmx8mm (¢ X
height) cylindrical magnet on top of its structure, and is
thus navigated and activated by a magnetic field (Fig. 2 (d)

and Fig. 2 (f), respectively). An externally embedded Hall-
effect sensor array detects the suction cup’s location; thus, the
system completes both locomotion and adhesion activation
autonomously, without human intervention (see [25] for
details of navigation). Further system information will be
given in Section II-D. The suction cup is navigated with its
non-adhesive side facing the surface of the tissue in order to
avoid undesired adhesion. The navigation is realised using
magnetic torque. Two alternating magnetic fields pointing
at £45° pitch angles are applied towards the direction of
motion (Fig. 2(d)). While navigating until reaching to the
target object, the system repeated the following control
cycle: (1) stop the application of magnetic field; (2) localise
the magnet position using Hall-effect sensors; (3) update
the magnet’s path to the targeted location which position
coordinates are pre-given; (4) apply a magnetic field to
induce a motion of the patch. With using the sensors, the
positions such as real-time location and targeted one are
defined in X and Y coordinates. By repeating the cycle, the
suction cup reaches the targeted location. When adherence
is desired, the suction cup is flipped and then activated
utilising a magnetic field gradient that produces a magnetic
force (Fnag) so that an omnidirectional air flow is induced
towards the outside of the cup (Fig. 2(d)-(f)). When the
magnetic force is released, the suction cup tends toward
recovering its initial shape through restoring the force of the
cup (restoring force). This deformation creates a negative
pressure difference in the internal area between the cup and
the substrate negative, which results in producing adhesive
force. While adhering, the external magnetic field is absent,
the restoring force is balanced out with the force occurred
by the pressure difference Haruna: former: adhesive force.
which sounds better? (Fig. 2 (g)). The adhesion would last
while the pressure is kept negative.

Detachment is realised by inducing an air flow from
outside of the suction cup and restoring the atmospheric
pressure. Instead of pulling up from the edge by hands,
we achieve this by applying a magnetic torque, causing
deformation of the surface (Fig. 2 (h)). Since the adhesion
force becomes lower when pulling up from its edge than
when pulling up in vertical direction, the detachment is
achieved by the magnetic torque. Owing to the restoring
force, the suction cup can achieve repeatable adhesion.

D. Electromagnetic Control

The electromagnetic coil system consists of six coils: two
horizontal coils (termed Top coil and Bottom coil; identified
as ¢ € 1,2 in the following equations) dedicated mainly to
adhesion and detachment, and located under the workstage,
and four coils dedicated to navigation and situated under
the two horizontal coils. The latter four coils are inclined
by 45° from the horizontal plane with cross-sectional faces
oriented toward the centre of the workstage and identified
as ¢ € 3,...,6, in a clockwise order in the top view
(see supporting material of [28] for details of control). The
distance between neighboring inclined coils, the diameters
of inclined and horizontal coils, and the distance between



the two horizontal coils are 250 mm, 130 mm, and 50 mm,
respectively.

When the magnet on the suction cup is vertically oriented
at the centre of the workstage with the estimated magnetic
moment m = 9.34x 102 Am?, the magnetic force produced
in a vertical direction (Finag.ver), When 10 A are run through
in each coil, can be estimated as

_ 2 %
Fmag.ver - Zi:lFmag

=768x1073+214x 1074 =7.89 x 1072 N.

N )

mag

In the same way, when the same magnet is placed hor-
izontally on the stage, the magnetic force produced in the
horizontal direction (Finag.hor) With the same amount of
current when a magnet orients the same horizontal direction
to the applied field is estimated as 1.07 x 10™*N. The
magnetic forces are directly proportional to its size and
number.

If arrayed suction cups are embedded in a structure and
there exist multiple magnets, all the magnets experience the
same magnetic field. However, owing to multiple magnets the
Hall-effect sensors show a moderate inaccuracy in detecting
the location precisely. For this reason, in our experiments, a
suction cup was navigated and activated autonomously, while
arrayed suction cups were navigated manually, with a visual
feedback.

III. EXPERIMENTAL RESULTS
A. Adhesion Force Measurement

Fig.6 shows the experimental results of measuring the
adhesion forces on a 1-mm-thick acrylic plate. We inves-
tigated the adhesion perfomances of four different structures
shown in Fig.6 (a): a positive curved cup called Sphere,
Cone, a negative curved cup with thickness variation (the
internal angle is 25°) called Hat, and Hat with flipped
edge. The adhesion forces with which the suction cups were
activated by preloads with a force gauge (ZTA-5N, IMADA,
30 mm/min peel-off speed) were measured. The preload was
applied instead of activating with magnetic force due to the
wide range of preload. As shown in Fig.6 (b), throughout the
experiments, we measured the tensile force from the time of
applying the preload to the time of the detachment.

The maximum and minimum tensile force shown as ad-
hesion force and its preload of each test, respectively are
shown in Fig.6 (c). As shown in Fig.6 (c), the adhesion force
of each structure tends to be increased as increasing preload,
then saturated with a certain preload (the maximum adhesion
force Faqn.max)- We call the lowest preload to obtain the
maximum adhesion force as the minimum preload Fpre.min-
Flipped edge obtained the highest maximum adhesion force
among the four structures as 0.9N, while Sphere obtained
the lowest maximum adhesion force as 0.4N. There is an
unique trend of the relationship between Fj.. and Fqp.
While Sphere has an inflection point, Hat and Flipped edge
doesn’t. As shown in Fig. 6(b), the relationship between
the displacement and F},. also has similar trend. This
indicates that for Sphere, the small deformation due to
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Fig. 6. Adhesion forces onto an acrylic plate with different suction cups.
(a) Schematic cross view of four different suction shaped cups: Sphere,
Pyramid, Hat, and Flipped edge. (b) Displacement dependency of the
adhesion forces for the four different structures using a preload of 5 N on
an acrylic plate in dry condition. (c) Adhesion forces of the four different
structures using varied preloads from 0.25 N to 1.75 N on the acrylic plate
in dry condition. (d) Adhesion forces of Flipped edge on the acrylic plate
activated by magnetic force produced by the coils (the estimated magnetic
moment m = 9.34 x 10~2 Am?. Details of the experimental procedure are
described in Section II-D).

the buckling suppressed adhering with small preload. The
minimum preload depends on the structure, which both
Flipped edge and Hat performed best (Fpre.min = 0.3 N),
then Cone and Sphere did in order. Especially, Sphere failed
to adhere with lower than 0.3N preload but with over 0.5
N. In addition, for the lower preloads than each Fjie min,
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Fig. 7. Demonstration of autonomous adhesion. Arrayed suction cups were navigated manually, and a single suction cup was navigated autonomously. (a)
A device with arrayed suction cups walks towards a target object (yellow acrylic plate), flips upside-down, and adheres to the object. (b) Then the device
flips over again and walks away. (c) Another experiment where the device with arrayed suction cups adheres to and carries an animal tissue (chicken
skin). It approaches a pre-determined location of the tissue, flips over, and adheres to it. It then walks away, carrying the tissue. (d) The side view of the
experiment shown in (c). (e) The device was detached from the fixed animal tissue by applying magnetic torque. (f) The device walks towards a target
object (red acrylic plate) through the autonomous navigation. The monitor on the top left shows the coordinates. (g) The device flips, adheres, and flips
over again and walks away autonomously. See the supporting video for more details of the motions.

Flipped edge obtained the highest adhesion force, then Hat,
Cone, and Sphere. Moreover, by comparing the adhesion
force of Flipped edge with that of Hat, while the adhesion
force of Flipped edge is higher than that of Hat by 0.25
N. As a result, by adding a thick edge, Flipped edge, the
adhesion force was increased. Therefore, it is shown that
Flipped edge would be the most suitable structure among
the structures for the porpose activating by low preload on
the coil system. We also confirmed the adhesion force of
the most suitable shape , Flipped edge, to the acrylic plate,
in dry, moisture, underwater, under oil condition as shown
in Fig. 6 (d). Among under the four conditions, the adhesion
force underwater was the highest as 0.38 N, then under moist,
dry, and under oil in particular order.

B. Manual Control of Suction Cup

The experiments with arrayed suction cups shown in
Fig. 7 (a)-(e) were conducted manually, by visually observing

the location of the device underwater. The other experiments
using a single suction cup shown in Fig. 7(f) and (g)
were autonomously achieved through magnetic localisation.
Fig. 7(a)-(d) show two demonstrations in which arrayed
suction cups were navigated and activated manually, and
carried an acrylic plate (in (a) and (b)), and an animal tissue
(chicken skin; in (c) and (d)). As target objects, a 1 mm-
thick acrylic plate was used for the former demonstration,
and a 2 mm-thick chicken skin glued to an acrylic plate was
used for the latter. The directions of the magnetic field were
switched periodically to induce walking motion of the ar-
rayed suction cups. Then, the magnetic field was changed to
a strong, constant, vertical magnetic field to flip and activate
the arrayed suction cups. It took 18 s to reach the target
object over a distance of approximately 15mm distance.
Once the reversed magnetic force is applied, the cups take a
few seconds to adhere. The arrayed suction cups were flipped



again so that they would carry an object without bumping
against the host organ’s wall. Subsequently, the cups ’swam’
back in the same mechanism as outbound movement using
the opposite magnetic field direction. Fig. 7 (e) shows the
process of detachment of the arrayed suction cups from a
fixed animal tissue (chicken skin). A rotational magnetic
field of 28 mT alternating the orientations between —90°
and 90° was applied and the produced magnetic torque
caused the embedded magnets to align the magnetic direction
by rotating upside down. Thus, the arrayed suction cups
were peeled off. In addition, the arrayed suction cups kept
adhering with its weight(13 g) to the acrylic plate in dry
condition for XX minutes when the arrayed suction cups
were activated by the coil system. Moreover, they kept
adhering for 5 hours when it was activated with 0.5 N,
which is the same preload as the demonstrations flipping and
activating the arrayed suction cups.Haruna: update once
discussed

C. Autonomous Control of Single Sction Cup

Fig. 7 (f) and (g) show the demonstration of autonomously
controlled navigation and transportation of a suction cup
with a 30 x 30 x 0.5mm?3acrylic plate. The suction cup
was autonomously navigated to the location of the target
object by having the system magnetically sense the location
(Fig. 7(f)) once the location of the target object was pre-
determined. Once a suction cup reached the target location, a
vertical magnetic field was applied to flip the suction cup and
trigger adhesion to the target. Once adhesion was completed,
suction cup flipped with the object and swam away to the
initial position autonomously (Fig. 7(g)). The process of
reaching the object over a 50 mm distance was completed
in 40 seconds.

IV. CONCLUSION

This study presented an autonomously reversible and
remotely achieved adhesive mechanism, that is designed for
use in non-invasive in vivo medicine. Adhesion utilises a
suction mechanism; hence, it can be reversible and reusable.
The suction cup proposed was newly designed, modelled,
fabricated, and tested on the bench-top environment and
with biological tissue. Its use with a single suction cup
was demonstrated as an adhesive to anchor itself to a tissue
and patch an area and as a carrier to manipulate an object,
all in a fully autonomous fashion. The investigation of
adhesion force indicates that the suction mechanism can be
used for applications where the suction cups are activated
autonomously under various medium conditions: dry, moist,
underwater, and under oil. Further investigations with other
conditions such as rough surfaces and material dependency
remains for future work.The analyses and results show
further potential of the mechanism to be scaled down and
applied for various purposes in difficult-to-access locations
at small scales and promising for in-the-body medical appli-
cations.
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